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AN EXPERIMENTAL INVESTIGATION OF A 
RESONANCE PHENOMENON IN TUBES WITH TURBULENT FLOW 
by 
,, 
· Alan Thomas Brewen 
. : <.:~ . 
... 
ABSTRACT ' ' 
This investigation was aimed at observing the attenu~ 
., 
· · ----- -- ·· ··_ ation and dispersion of sinusoidal disturbances in a 5/16" · 
I.D., 54' length_ of straight copper tubing conducting a 
mean turbulent flow of air. A previous, similar investiga~ 
-tion, involving small. amplitudes and Re= 104, revealed an _ 
associated resonance for a liquid in a slightly coiled tube. 
This experiment was intended to study the resonance phenom-
enon using a straight tube and air· as the working fluid. 
Large, as well as small, amplitudes over a wide range of 
Reynolds numbers (.sx10 4 to sx10 4) were to be tested. It 
was hoped that the nonlinearities involved with larger 
amp.litudes would be significant and thus have many practi-
,: 
cal applications. 
However, the experiment failed to reveal a resonance. 
Large and small amplitude data was taken at Reynolds number 
= 104 9 The data adhered roughly to a previously formed 
small amplitude theoryo This theory consisted of three 
, models applying to three different frequency bandsQ Data 
corroborated theory well in the high frequency regionG The 
1 
--------------------------------------:----------------
,,· 
I 
I' 
I 
·::, ' ' 
" 
. •'~. . 
', i' . 
~ :. . ' . 
' . 
I) I, .. 1 , 
low frequency region and transition region showed a small 
discrepancy. 
The previous investigation corroborated the theory in 
' ... .-- -.. ,. '.-~--·- ~- . 
- -~-·- ----.. - - ·• _, ...... - · ... 
the high and low frequency regions, but conflicted in the 
transition region where the resonance appeared. A much 
longer coiled tube was used and the working fluid was a 
" . 
··-- _ -· ---~---- ~-.liquid. 
1 • 
. . 
Further work is suggested using-smaller amplitudes and 
~ 
a wide range of Reynolds numbers. Because of the discr~p-
ancy seen herein, the theory should undergo further exam-
ination. By using a coiled tube the effect of tube curva-
ture could also provide a subject for additional effort. 
The resonance might require a substantial length to form •. 
A coiled tube would allow the use of much longer lengths. 
If the phenomenon does exist only for the coiled tube, 
practical applications still are possible. 
2 I , 
. ' 
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CHAPTER 1 
INTRODUCTION 
A recent extensive research ef·Eort involving the 
-- unsteady behavior of turbulent fluid transmission lines -
---·---·----------"-----·----"-· ___ inadvertently and apparently exposed a dramatic resonance 
phenomenon. The resonance was associated with the attenua-
tion and dispersion of small amplitude waves in a hydrauli-
cally smooth tube with a mean turbulent flow (1]*. _ The 
present study was conducted in an attempt to verify this 
observation and extend the range of testing. 
The previous theoretical preliminaries finalized into 
three models· [2,3]. A low frequency model, called the 
"constant inertance-resistance-compliance model", incorpo~ 
rated the assumption that the frequency was low enough to 
provide sufficient time for the turbulent velocity fluctua-
tions to rise and fall with the disturbance as if always in 
equilibrium. This- form of behavior was referred to as an 
equilibrium turbulence levelo The second model, the high 
frequency model, assumed that the frequency of the disturb-
ance provided insufficient time for any significant change 
in turbulence level to occura This condition was termed a 
non-equilibrium turbulence level or "invariant tur_bulence", 
* .~ Numbers in bfa:"ackets refer to reference numbers at the end 
of the thesiso 
3 
' 
,._ 
ll!!!!l!!b-=d!!!!!!!!!!!!ll-----------.il!I-----------------:----:-----------,----,-----·-- -· 
f 
(\ I 
\°:I 
~nd 0 the model is referred to as the "invariant turbulence 
~ .. , 
model". In the frequency band captaining the break fre-
quency separating the two types of beh~vior, a smooth 
I 
,,. transition was thought to occur. This tentative model is 
called the -~·transition model" • 
( 
' 
While data agreed well in the high and low frequency 
regions, the transition region apparently housed an unsus-
pected resonance. However, since the discovery itself was 
not predicted, it is understandable that the experimental 
·apparatus was not designed to allow thorough investigation 
of the phenomenon. 
The approach previously taken viewed the tube and 
fluid as a one-power synunetric system*. A correction was 
applied to account for the asymmetric mean turbulent flow 
and the experiment was later checked to assure that the 
·system did behave in a one-power fashione The observed 
resonance consisted of two peaks where the attenuation of 
the pressure waves reached amplifications of up to 22 times 
greater than expected. These peaks were accompanied by two 
valleys where the attenuation was less than expected by a 
factor of about 2o5o Just as astounding was the fact that 
the measured speed of wave propagation over the transition 
frequency band swept from 15% slower to 18% faster than the 
' 
*Referenced in Chapter 2o 
4 
V 
\ . 
' ·. 
. . 
,., 
, .. 
nominal speed of sound. 
•l 
Interesting in itself, the phenomenon could possess 
many practical applications. The enhanced lateral mixing 
expected to accompany frequencies at the peaks could be 
used to an advantage;,, in tuni-ng heat exchangers, chemical 
processes in long tubes, fuel cells and any other device·or 
process where fluid mixing is performed. On the other 
hand, the frequencies accompanying the valleys cause a 
reduction in normal lateral mixing and thus an overall drag · 
reduction; consequently, further applications exist in 
pneumatic conveyors and fluidic transmission lines (the 
Alaskan Pipeline for one). 
The investigation herein included.an attempt to dupli-
cate the previous data with the only differences being the 
working fluid and the tube straightness. Originally water 
and a·water-glycerol solution were used and the tube was 
coiled. The fluid used herein is air and the tube is 
straight. Once the phenomenon's existence becomes estab~ 
lished it was to be further probed to determine the effect 
of different mean Reynolds numbers and the nonlinearities 
due to large amplitude disturbanceso Finally, D~Co charac-
teristics were to be studied to detect any change in 
friction factors. 
5 
I ,. 
"-' 
, 
,· CHAPTER 2 
.... ' . . \ ', 
'.••. PREVIOUS EFF.ORTS AND RESULTS · 
. . 
A voluminous amount of material dealing with fluidic 
transmission lines is available in References [1-6]. Only 
those areas that are essential to the understanding and 
appreciation of this experiment ·will be.discussed here. 
Fundamentally speaking, it is the attenuation and disper-
sion of small acoustic disturbances superimposed on a mean 
/ 
turbulent flow in a hydraulically smooth tube that is being 
investigated. 
Previous efforts resulted in three models: the low 
frequency model or constant inertance-resistance-compliance 
(I-R-C for short), the transition model, and the high fre-
quency or invariant turbulence model [2,3]. The actual 
turbulence curve consists of the constant I-R-C model at 
low frequencies and the invariant turbulence model at high 
frequencies, while the transition model describes the in-
between frequency behavior o All models presumed a Newtonian 
working fluid and small disturbanceso In order to assure 
one~dimensional behavior {allowing the propagation opera~ 
tor, y(jw), to characterize the systfm), it was also 
necessary that the acoustic wavelengths be much greater 
than the tube diameter. 
6 
), 
l '·, 
.. ( 
2.1 System Representation . .. ~. ' 
. The system was viewed as a uniform one-dimensional 
· distributed . system. T·he general approach to a problem such 
as this can be found in [7]. The state variables were 
cho,en to be the pressure, p(x,t), (symmetrical effort), 
t . 
. and the VQlume fl'ow rate, q(x,t), (asymmetrical flow)~ · 
p (x, t) 
a·--. 
ax q (x, t) 
.. D a 
= at 
= -
0 
Y(D) 
Z(D) 
0 
p (x, t) · 
q (x, t) 
Z(D) ·= series impedance 
Y(D) = shunt admittance 
Solving for frequency response, with D + jw: 
a~ [p(x,jw)] = - Z(jw)•q(x,jw) 
a~ [q(x,jw)] = - Y(jw) •p(x,jw) 
Derivative of Eq. (2.11): 
a2 [p(x,jw)] = -
ax2 
. 
Z (jw) • ,}1x [q (x, jw)] 
Substitute (2.12): 
a2 [p(x,jw)] = Z(jw)•Y(jw)•p(x,jw) 
ax2 
Thus 
( • ) -- c· le/zy x + c2e-/zy x p X,JW 
~....... . 
. (2.10). 
(2 .11) 
(2.12) 
·• 
( 2013) 
.. 
where c 1 and c2 are constants determined by the boundary 
, 
.. 
,. 
7 
&" 
/· . 
I' 
I 
' 
' 
' ' 
' I 
·{' 
' · .. , 
I> 
.11 
,- I ,. ' 
conditions, and 
I 
{Z(jw.)Y{jw) = a(w) + jK(wl = y(jw): 
? '\ 
a(w)' =- attenuation factor 
K (w) 21T -····· = T =wavenumber 
y(jw) = propagation operator 
' . \· 
:i:t should be noted. that Eq. (2.14) represents waves travel-· 
ing in two directions [1,2]: 
C ey(jw)x 
1 wave traveling· in the negative x direction 
. -- . ·-· ...... -- -~-- ...,-._ .. _-....,: ____ ,_, ._ ....... - -.-.-- - C -y(jw)x 2e wave traveling in the positive x direction . '. .. 
. . . 
., . .. '. 
f"· .• 
. ~ . 
~~ ,•' ••• t ' ..... 
.• , . , ..... .- ••• f,.;·!.·.,,;, 
.. ,; . 
For waves moving in one direction (positive x direc-
. ~ tion): 
Pd(jw) _ 8 -y(jw)x = 8 -(a+jK)x P (jw) -
u 
(2.15) 
where xis the separation of the upstream and downstream 
stations - (u and d subscripts). A small correction will be 
made later to account for the asymmetric flows Thus all 
analysis was devoted to de~ermining y(jw) while experiments 
were aimed at measuring ito· 
The results were reported in terms of nondimensional 
groups and are shown in Figso (6o2-9)e The dimensionless 
groups are as follows: 
8 
' . 
t 
' ' 
! . ' 
• 
'. ·~ ~ 
. -
.. . '. 
• l .. 
.; 
' . 
;, ~ . 
_, ·_',· ,· ,. 
.. ' 
attenuation: 
phase velocity: 
frequency: · 
·where 
a = tube radius 
a 2v a po 
" 
V p 
vpo·· 
n = 
2 .. 
a w 
" 
VP = phase velocity 
= isentropic wave speed 
= kinematic viscosity . -
"o ··= isentropic wavelength 
2.2 · Low ·Frequency Model-
'·' 
. ---. -· 
.. 
. ,,·-- ,. -- .-_,: ___ : ___ . __ . ·:· .. ,. 
. . . 
. ;,. 
. . ' 
• ., ' ... <" 
, . 
• '• ·I ~ 
), I I ,' 
: . < 
The basic difference between the high and low fre-
qtlency models can best be described by considering the 
concept of equilibrium turbulence and nonequilibrium turbu-
lence. The low frequency model assumes equilibrium turbu-
lence behavior while nonequilibrium (i·nvariant) turbulence 
is hypothesized for the higher frequencies. 
,. 
Equilibrium turbulence implies a quasi-steady flow 
where throughout the disturbance cyc,le the flow instantane-
ously tracks the pressure gradiento Thus the fluid behaves 
as if always in a steady stateo The fluid resistance was 
1: 
,' 
computed using steady state friction factor data of 
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Nikuradse. With this information and the direct applica-
tion of the continuity, state, and momentum equations, the 
' propagation operator was evaluated. The corresponding 
results are reported under the label of Constant I-R-C 
Model, Figs. (6.2,3,5). This model also made up the low. 
' 
frequency range of the curve labeled Actua·l Turbulence,· 
-Figs~ (6.4,6-9). 
•·•I 1 • 
... 
" 
' ' . 
. ~ : - .'' . . . ',.. 
.~·.-· 
· 2. 3 High F~equency Mode 1 . 
. The high frequency model, invariant turbulence, is 
"(, 
somewhat more complicated. Here it is assumed tha,t dis-
turbances fluctuate rapidly and the velocity profile has 
insufficient time to become fully developed. The flow is 
unable to instantaneously track the pressure gradient. In 
order to predict the behavior, the entire flow field had to 
be described. This involved the time averaging of the·· 
Navier Stokes equations with certain assumptions. The 
averaging time had to be short enough to allow the pertur-
bations to remain unchanged, yet long enough for turbulent 
f luctu~tions to average out. 
. l -
1f This required Q < 2 Rea As 
in the low frequency model, assuming the radial pressure 
gradient, aP/aR = o, required that the acoustic·wavelengths 
be much greater than the tube diametero Further analysis 
also necessitated that the mean roach number, V/V << 1 po 
. and v/aVpo << 1. 
10 
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' The high frequency model was then further divided into 
;, I , \.I,;',. 
two frequency .bands. , In the lower band a two- layer descrip-
tion of the flow ,field was applied while the higher band 
used a three-layer .approach. The flow field was described 
as having a laminar sublayer and turbulent core. In the 
- higher band a transition layer was also corisidered result-
; •. :· . ,_.:< -... , -
• ~ •'_ .c " .•. , - • • ' • ': ~·' ' • . - • • . ' 
(, 
ing in the three layers. A smooth interpolation between 
the two bands allowed one curve (labeled .. Invariant Turbu-
lence) to describe both frequency ranges, Figs~ (6.2-9). 
· 2.4· Transition Model 
A tentative transition ~odel (not rigorous) was then 
proposed, filling.in the entire frequency range. It pre-
dicted a smooth jointure between the low frequency model 
(constant I~R-C) · and the high frequency model (invariant 
turbulence). 
Data taken by Margolis agreed well with high and low 
frequency predictionso The constant I-R-C worked well at 
the lower frequenc·ies while the invariant turbulence model 
accurately described the high frequency behaviore However, 
the transition region was anything but a smooth joint~re of 
~' 
the two models, Figso (6o2,3)e It is in this region where 
the phenomenon was discovered and at which this i~vestiga~ 
tion is aimed. 
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CHAPTER 3 
- EXPERIMENTAL, CONCEPT 
' , 
'\ 'I 
,, 
A simple and general method of measuring the propaga-
tion operator is documented in Refs. (1, 2,3]. However, 
because of its -fundamental v.alue. in understanding the expe:r-
im.ent, a brief discussion is·appropriate. -
3.1 System·Equations for the Synunetric·Case 
As shown in Chapter 2, Eq. (2.15), for the .symmetric 
case a pressure wave traveling in the positive x direction 
can be represented as: 
p(x+x ,t) 
_____ o ___ = e-y(jw)x = 8 -[a(oo)+jK(w)]x p(x0 ,t) : · - · --· ( 3 .10) 
where xis the separation distance. Thus, for the reflec-
·tionless case only two stations would be necessary. How-
ever, due to reflections, one must account for waves 
traveling in both ·directions. This can be accomplished by 
using three equally spaced pressure taps o Positioning the 
taps and x coordinate as follows and considering rightward 
(positive x direction), and leftward traveling waves, we 
have for the symmetric case: 
• 
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I 
1 left station 
. ' -L 
I X = 2 
.·Pa, (t) 
• 
C 
• Pa (rightward traveling wave) 
Pb (leftward.traveling wave) 
-
~ .. c ,r 
I 
I 
center station 
. X = 0 
' ' 
• 
t 
I 
I X 
; right station 
' L 
. I X = -2 
(3.11) 
.(3.12) 
_(3.13) 
.where PR,(t), Pr(t), and P0 (t) are the measured pressures at 
the left, right., and center taps respectively. 
3.2 Actual System Equations with Correction for Asyrilmetry 
\ 
We now have six equations and six unknowns. All that 
remains is a small correction for the mean flow. One way 
to visualize this correction is to think of the length o~ 
fluid through which the rightward and leftward waves travel 
while going from station to stationo In the symmetric 
case (zero mean flow), each wave sees a length equal to L/2 
between stationse For a mean rightward flow with mean 
velocity V, the wave traveling to the right passes through 
a length of fluid equal to L/2 -V0 t where t is the time to 
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go from station to station: 
-
= L/2 ta 
V + V · p 
~ = L/2 
VP- V 
time for.rightward wave 
time for leftward wave · 
.. 
. .: '' ' ' ' ' 
• ' .' '1' 
. . . 
. ' . 
. ' 
. ' 
time for rightward or leftward waves 
· in the · symmetric case (V = 0) • · 
Thus the effective length seen between stations b.y the 
rightward wave becomes:· 
L - L 1 L e _L 1 
2 - v·ta = 2 (l -
1 
+ ~ > = 2 (l - l+e: > - 2 <1+e: > 
-V 
where 
. ' 
. ' .. _ 
. - r 
e = 
,' .. ,. 
and thus the effective length for rightward traveling waves 
· becomes: 
•· 
. Simil.arly for the leftward wave, the effective length 
becomes: 
L 2 (l+e:) . ·1. 
Consequently, Eqse (3.11-13) become: 
.. 
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Pt(t) = Pa(t)e(l-£) (a+jK)L/2 + Pb(t)e-(1+£) (a+jK)L/2_ 
,. (3. 21) 
' ' ·, ',. 
- (3. 22) 
p (t) = p (t)e-(1-e) (a+jK)L/2 + p (t)e+(l+E) (a+jK)L/2 
r . a _ ·b 
1 ' • ' 
(3. 23) 
This agrees with the fact that the wavelengths for each 
direction are different: 
I 
•• -· -- ~ . -- - ---·- --~·-·- --- --~--. -·-- - • ·- - -·-·-. .•• . .• ··--·----~-------- .. - ·---. -· ' __ _, ___________ ... ____ ,1 -------------·-...... .-- ... , _____ -··--- ...... . 
-V - V 
· A - P - A (1 ~) 
. b - 2~·w - o -v 
for rightward waves 
for leftward waves 
·· .rightward or leftward waves, 
· synunetric case 
·. And thus we have different effective wave numbers: 
, I ' ' ' S, 
"' . 
' ' 
': : ' 
. . . ·' 
' . 
' ' . 
... , .. ,-, __ ' _,,,.. • .;. ____ .,a;..,,._,..,. •.. -·--~---., -- .---· 
( ~ Ka = ~'IT = K (11 ) = K (1-£) a o +e o 
.. 
I ., . 
. ' . 
,• I' 
'. 
This is exactly the case in Eqs. (3.21-23), which upon 
multiplying become: 
P,(t)eE(a+jK)L/2 = Pa(t)e(a+jK)L/2 + Pb(t)e-(a+jK)L/2 
(Jo24) 
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(3. 25) . 
. . 
Pr(t)e-E(a+jK)L/2 = Pa(t)e-(a+jK)L/2 + Pb(t)e(a+jK)L/2 
( 3. 26) 
I . 
Combining: · 
P.e,(t)eE(a+jK)L/2 + Pr(t)e-€(a+jK)L~2 
2Pc(t) = cosh[(a+jK)L/21 
( 3. 27) 
·. Equation (3.27) is actual1y two equations which upon itera-
tion yield the values of a and K. 
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. I. CHAPTER 4 
•,,. t).~ 
··DESIGN OF THE EXPERIMENT 
' ...... , .... , .. ,. .... ~,.-~-··-··---~-------··· -~--. -
' .. . . ' 
4.1 Objectives ' . ' J ; • ; 
The design criterion can best be presented by first 
' 
looking at the objectives of the experiment. Basically, 
there were four main objecbives, the first being essential 
. to the other thr.ee: 
. 1. Using air as the working fluid and a straight 
tube, duplicate and thus add credibility to the 
Margolis data. In other words, observe the resonance 
phenomenon corresponding to small amplitudes and a 
Reynolds number equal to 10 4 0 The only differences 
were the working fluid and the tube straightness 
(Margolis used water and water glycerol solutions in a· 
coiled tube) • 
. -~ 2. Once the existence of the phenomenon is 
established for Reynolds numbers equal to 104, then 
proceed to test the effects of large amplitudes (in 
particular those that will cause the flow to stop). 
3. Test small and large amplitudes over a wide 
range of Reynolds numbers (Re= ~Sx104 to sx104)o 
4. Finally ·it was also desirable in each case to 
study the effect that the resonance had on the steady 
state friction factor. 
These objectives resulted in five basic necessities: 
l III The amplitude of the disturbances had to be 
regulated independently ·of the mean flowo. 
2o Large as well as small amplitude disturbances 
had to be generatedo The ultimate goal was for them 
to be perfectly sinusoidalo 
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3. A high operable pressure was desirable in 
,order to assure an incompressible behavior • 
4. To make measurement feasible, .a significant 
amount of attenuation had to be present. 
5. The transmission line terminations should be 
close to reflectionless,. This would avoid organ-pipe 
resonances and also facilitate the measurement of 
phase at higher frequencies. . . . ..... • 4 .--"' ; .--· ·, 
\ 
\ 
C ' 
. . 
4.2 Limitations 
While the author believes tha~ in view of dollars and 
\\ cents spent, what was achieved in this effort is more than 
~ satisfactory, there is no doubt in his mind that the great-\\ 
. -
. . 
\ ' 
eist limitation was the unfunded nature of the experiment. 
Available resources had to be used most efficiently and in· 
the end it was the lack of funds that caused an early ter-
mination\\of the experiment. 
\ 
\ 
\ Another\ limitation was the· fact that the maximum regu-
lated pressure.available from ,the compressor was 50 psig. 
- __ ,,.....,_~---- --·---·--··-··· 
t ··.': This was reinforced by the maximum pressure rating of the 
two available pressure transducers. They could withstand 
a maxim~ pressure of\ only SO psig. However, it was 
_ ....... " 
thought best to operate at a somewhat lower pressure (40 
~ ·-·--··---·· 
psig). 
Two more limitations worth mentioning were available 
space and computer sampling rateo Space, of course, was 
important since it restricted the length of the tube which 
18 
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had to be straight. Sampling rate had to be considered 
after foreseeing the use of a PDP-Lab 8E mini--computer* 
.for data acquisition. The range of frequencies to be 
,. 
tested.had to be sufficiently low such that an adequate 
number of samples could be taken per cycle. This resulted 
in a maximum frequency of about 200 hz., where 25 points 
per cycle could·be sampled. 
Generally speaking, the design requirements involved 
- a wide range of operation. The parameters to be varied 
were: amplitude, frequency, mean flow, and mean pressure. 
All but the mean pressure had to .. be varied over a wide 
range. As a result, the apparatus had to be quite versa-
. tile yet still be inexpensive. The final stage of evolu-
tion can be seen in Figs. (4.1-11). 
·. 4.3 Signal Generator 
The heart of the apparatus is the signal generator, 
Figs. (4.3~5). It consisted of a variable speed DoCo motor 
capable of approximately 3600 r~pemo which rotated a disc 
in front of an orificeo The motor and all were encased by 
a one-foot length of 8" diameter pipe flanged at both endso 
It was mounted such that the disc would rotate flat against 
the inside of the front flange, almost but not quite 
* Product of Digital Corporation, Maynard, Masso 
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,I 
. 
0 , 
touching. Air from the compressor at a regulated pressure 
entered through the back flange and into the volume housing 
the motor. As the motor rotated the disc, the net effect 
was to intermit~ently cover and uncover the orifice in the 
front .flange. Thus, the air flowed intermittently through 
this flange and into another smaller (variable) volume on 
• 
the other side of the orifice. The large volume used to 
encase the motor also helped to keep the pressure constant 
upstream from the orifice. This made the behavior of ,the 
flow more linearly dependent on the orifice area and thus 
........ , . 
e·asier to control. 
It was in the smaller volume; which was a 2" diameter 
pipe of variable length, where the desired sinusoidal pres-
sure was generated. The flow exited from the small volume 
by either traversing the-transmission line.;;,.(5/16" I.D., 
54' long straight copper tube) or through a choked orifice 
(a valve opened to the atmosphere). 
This choked orifice was incorporated in connection 
- with large amplitudes and low mean flows. It provided a 
.. -.. _,. · method of varying the amplitude of a wave independent of 
!.· 
the mean flow in the tubeo The pressure in the small vol-
ume could be regulated independent of the upstream regu-
lated pressureo Thus, the regulated upstream pressure 
cou-ld be increased or decreased while the area of the 
choked orifice is increased or decreased proportionately 
20 
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such that the mean pressure in the ·small·volume remained 
·constant independent of the upstream regulated pressure. 
The net effect was that the mean flow into the transmission 
line remained constant, depending only on the mean pressure 
in the small volume. At the same time, the amplitude of 
the generated-wave was variable, depending on the pressure 
drop across the disc. 
The small amplitud~ and high mean flow condition 
' required still another method of varying the amplitude of 
a'wave independent of the mean flow traversing the tr~ns-
mission line. This was accomplished by providing an alter-
nate route to the small volume. This line allowed part of 
the flow to bypass the signal generator. Thus, the ampli-
tude of the generated wave could.be kept low and regulated 
depending ori·how much flow was allowed to bypass. At the 
same time a high mean flow was able to pass into the small 
volume and thus could be directed down the tube. 
'\ 
' 11 
The quality of the waves being generated was controlled· 
by altering the area of the orifice and the size of the 
small volume. The orifice area was varied.by changing 
orifice plates o The flange merely had a 1 °1· diameter hole 
in ito Th~s hole was covered by an orifice plate which was 
. 
a removable square plate, 1/8°' thick, capable of having any 
shape aperture ~ The orifice and thus the wave form could 
be changed by using different orifice plates. 
21 
. '. 
The same e·ffect could also be attained by altering the 
shape of the disc. This method of changing areas worked 
well insofar as obtaining a rough sine wave. Further 
refinement of wave quality was acquired by using the filter-
ing effect of increasing the size of the small volume., 
This was accomplished by coupling additional lengths of 2" 
pipe to the small volume. It was desirable to keep the 
volume as large as possible, yet still be able to maintain 
amplitude. Actually at high amplitudes it became necessary 
to decrease the volume using a wooden insert. 
Perforn,ance proved the signal generator to be very 
flexible and adequate. However, to produce perfect sinu-
soids over such a large range would be quite tedious, but 
possible. The author rather settled for approximate sinu-
soids and then extracted the amplitude and phase of the 
fundamental frequency by using the Fourier analysis 
technique. 
4.4 Transmission Line 
Because of the accompanying unwanted pressure drop, 
the entrance to the transmission line was not made reflec-
tionless o It was thought enough to have only the exiting 
· termination made reflectionlesso The tube itself was sweat 
fitted together using four sectionss Transducer taps were 
located as shown in Figo (4e6) e Only the #2u #3, and #5 
22 
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taps were used. The transducer mount is shown in Figs. 
( 4. 9, 10) • The tap opening in the tube anq. the volume under 
. the transducer head ~ere kept as small as possible. ( When 
not in use, the mounts contained dummy transducers (bolts 
the same length as the transducer)'. 
The reflectionless terrninatio~ was· accomplished using 
~ porous disc restriction with a variable area, Figs. 
(4.7,8). The downstream side of the disc·was kept at a 
constant pressure, since the tube exhausted into a large 
pressure tank. This assured the desired linear resistance. 
~he resistance was varied by sliding and clamping a plate, 
with a triangular-shaped hole, iri front of the disc. 
Reflections were detected by looking at the impulse 
response of the system using a storage bscilloscope·. ·Tr~al 
and error was used to adjust the plate. The data later 
proved the end to be very close to ref lectionless. 
A thermometer in the tank gave the approximate temper-
. ature of the gas in the· tube. The flow left the tank and 
passed through one of two available rotometers before 
.. (" 
I 
exhausting to the atmosphe/e. 
Friction factor data was obtained by usi~g a slack 
tube manometer (mercury-filled for high flows and water-
£ illed for low mean fXows )·o Barb fittings were inserted 
into the first.and last transducer mounts and piastic 
I ' 
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tubing connected the manometer. 
' ' . 
The overall performance of the system was excellent. 
All objectives were achieved, and it remained just a matter 
I 
of accurate measurement. · 
, I ',_ 
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4.5 Instrumentation 
' •, 
The instrumentation used and a schematic of the entire 
assembled. measurement system are shown in Figs. ,(4.1,11). 
A listing of each component follows: 
' ,',' : '', ,·' ' ' 
·. 
• 
2. 
Two Kulite Pressure Sensors, Model No. 
XTML-1-190-25. 
A two-channel D.C. Amplifier incorporating two 
Kulite KH-102 Hybrid microcircuit elements (designed for use with the transducers). 
3. EAI TR-20 Analog c~mputer. •' ' 
4. PDP-Lab 8E mini-computer with A/D converter (Digital Equipment Corp.). 
• 5. Hewlett Packard Electronic Counter, Model No. 
6. 
.,. 
5216Ao 
Tektronix No. 5103N Storage Oscilloscope. 
Two Shute and Koerting Coo Rotometers: 
Noo 4HCFB with Noa 43J Float, 
Noo 3HCFB with Noo 33J Float. 
,' 
8. Two Noo 1211 Dwyer Slack tube manometers. 
9. Numerous pressure gages and regulators • 
IJ 
J 
' ' ' 
It was a big inconvenience working with on.ly two pres-
sure transducerso As described in Chapter 3u the use of 
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three transducers should have been practiced. However, the 
state Qf insufficient funds prevented the procuring of 
another one. Since the data were to be measured in terms 
· of pressure ratios and relative phases, it was possible to 
survive with only two transducers. However, this necessi-
tated the use of an electronic counter to monitor the 
. 
period of a disturbance. Thus, frequencies could be 
. . _.. _ .. ·-· --
... - -----------
matched' between 'the two r'atios needed for one data point. 
., 
p :.:·:·.=.--·.;-;:·,-· ·-
Since the transducers were operating almost at their 
maximum rated pressure, the output of the amplifier con-
taine·d a large D.C. voltage with the. small A.C. signal • 
The computer required that the input to the A/D converter 
be as close as possible to ±1 volt. Therefore, it became 
necessary to make use of the analog computer. A simple 
feedback transfer function was patched and used to remove 
the D.C. voltage. When needed, it also provided additional 
' 
amplification: 
Laplace domain· 
from amplifier---~ 
\ 
-
.. I 
. ,.. ... -·- . --· ·--- ...... ,.·. _',, ·,, '·- . -,,, ,•-,• ., ,-,. .. ... . •,•,• --·-- .. 
. . . 
- ···-·-···.,,.,,.,_, ~----•.---.>,-- .. ,,_., ___ .. 
· · frequency domain 
-
... 
A 
-s 
B o.~w 
A+Jw 
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B .____.± 1 V. to A/D 
---- converter 
-
' I 
r· 
'" 
' ,, 
.,• 
. "· - -
. . . ~ -
' .. 
' . 
' The break frequency, A, was variable and two different 
' 
values were used.: 1 rad/sec for most frequencies and .3 
.. 
rad/sec for low frequencies. Identical signals were fed 
into the filters simultaneously and checked to assure that 
·~v.r, 
no lag existed. 
. .. 
The storag~ scope was used mainly to-set the amplitude 
of signals and check the signal quality. It helped give an 
. overall view of what was taking place. The storage feature 
revealed any un~anted frequency or amplitude shifts while 
taking a data point. It also made the impulse response_ 
possible. 
Of course the most sophisticated of the instruments 
was the computer. The author cannot praise it enough. It 
provided a means of sampling and averaging the two signals 
(triggering on one of them), and outputting the entire 
digitized wave forms, on paper tape. At the same time, the 
digitized wave was output' {point by point) on the teletype. 
Later, the raw data could be further reduced at the author's 
• convenience. 
The other j_nstrumentation was used in a straightfor-
ward manner and no explanation appears necessary o 
, Considering the entire system of instrumentation, 
operation was ac_ceptableo The only· complaint was the lack 
of a third transducer o This would have eliminated the need 
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of an electric counter. The amplifier would have also 
benefited by having better transducers. A higher pressure 
rating would have allowed higher reference pressures to be, 
applied to the transducers and thus, the large o.c. voltage 
would have been eliminated. 
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CHAPTER 5 
DATA REDUCTION 
. ·' 
.. 
As mentioned in Chapter 4, the output from the com-
puter was an averaged digitized version of the pressure 
. 
wave. Because the waves were not perfectly sinusoidal, .the 
amplitude and phase had to be extracted using the Fourier 
analysis technique. Once -these. parameters ··were determined, 
a rearranged form of Eq. (3.27) (with a eliminated) was 
iterated to yield the wave number, K. Then by resubstitut-
ing for K, a was determined. 
Since pressure·could only be measured at two taps 
simultaneously, it was necessary to reduce four separate 
signals per data point. This included two signals measured 
simultaneously while the transducers were located in the 
left and center taps. And, two· more resulted when the 
center and right taps were.used • 
5.1 Extracting the Amplitude and Phase of the Fundamental 
~. Frequency 
The Fortran program used to perform the Fourier anal-
., 
ysis, entitled Waves, is listed in Appendix Ao The raw 
data, in the form of paper tape, were first transcribed 
onto IoB.Mo cards using a short copy routineo Alternate 
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. crossovers of the two signals were taken from ·their printed 
.output. This information defining the crossovers was also 
put onto I.B.M.· cards. The program first read the cross-
pvers for each signal, then calculated and averaged the 
,. ~ ', • ·~. •· ·'c" ·~ ,. .. ,. "--', ~· '• ~· 'f,.,.. '• "=' 'i, ,. •.•• ,.,.,, "· •~·"I".''• l\"''t t."'1 e,, '• t.•·'• 1\-·', ~ , 
pe:ciod. Once the period and thus frequency was determined, 
the program could proceed with the Fourier analysis using 
' 
the trapezoidal rule to integrate the digitized signai over 
the period. The frequency difference between corresponding 
signal pairs never differed by more than 1%, thanks to the· 
electric counter. ~he trapezoiaal integration gave the 
' 
amplitudes of the sine ·and cosine components for each 
signal and thus the amplitude. The arctangent of the com-
ponent ratio determined the phase. 
... 5 .2 Iteration for Kand.a 
....... ,..-~ . -- .. , ...... ,. ', .. , ...... 
.. 
. - ,. . . 
i " I • ~ • / .•·.: '• ; _' c ' ' ' -
·. ... -
: . ·\ 
With frequency, amplitude, and phase known, one could 
• 
proceed to solve for Kand a. In Chapter 3, we arrived at 
. . 
· :·:.· · ·the following equations which K and a must satisfy: 
P . e(a+jK)L/2 + P -E(a+jK)L/2 te . re 
-----~------- = cosh [ (a+jK) L/21 2P0 
'\, . (5. 20) 
. . 
· · :: ::· ~------~----.--~-'°-·-where······ · ---··· ~-------··-···-·· ··---~---···---" -----·-·---~..:.. .... --·------·---~------··-· .. ·-.~-·"'.·--· -··---~-'"'.-.--.-.:.·-c-··.:.·-~·-: .. - .. ~---~---······- ····---------- .... --· -........ -" ........ --- ----------·····-·· .... ~ .............. . 
- -V VK 
- -
VP w 
-V= mean flow (ft/sec) 
w = 
. ri 
frequency (rad/sec) 
39 
. , . I 
.:. _,:· ', 
:,-,J' 
i;~ •• ·.,' ' 
,. 
,, 
,. 
\ i 
' ' 
':"" .co;-.• 
~. '': 
·, 
·:..-:_.-,, 
t • I ! 
:f ... -, 
:·., -
... ~-? ·;. 
, .. - , 
.,_, 
1,.,.-
.,.., 
\~.-
.. 
' . ~ .. r, 
' ' 
,'; 
I . • -
' 
. ,· ' 
I•, 1 • 
: <' 
''. ·:•' 
?~!..·.-' 
~~~ : ·_., 
·-·' ',_ .. 
···.1, ... ' -
; : ~- . . 
.. 
·' 
.. 
. ' ~ . 
' . ' ' ' 
·.. - t 
Raw dat~ subje~ed to the Fourier analysis resulted • in: 
If 
.. 
' . ' - . ' . ' 
. ,, "' •·'' 
I 
... '. ,, ... ·, .. 
'. 
' .: . . 
:• I 
(5 ~ 21) 
,"".· 
where P01 represents the center pressure taken while the 
other transducer was in the left tap; Likewise, Per is the 
center pressure .corresponding to Pr. _4>1 and ~rare the 
phases at the left and right taps relative to the phase 
. 
d t th t t · th t ea· measure a e cen er ap. Now, since e erm e is 
negligible, =1, and e = V/VP = VK/w, Eq. (5.29) becomes: 
_ . (-"' + VL K2 J ..,r 2w -, 
e 
.., 
• cosh [ (a+jK) L/2] 
· (5.22} 
. ' .. ,, . '., 
·· ·· ···· ·-· · Separating real and imaginary parts we obtain two 
equations: 
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· (5.24) · 
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.. i 
Squaring and multiplying: ... -- -. 
1 
sin2 <Kf > { left-hand side Eq.. (5. 23) } 2 . / . 
-;· ' 
cos2 <Ki> { left-hand side Eq. (5. 24) } 2 
' 
.- • ' ' •• j 
,- . ,·, 
' I ~ ,- _I 
. . ' ' . 
•• !' '•, ,• 
' , ~: I ", I 
", I, ', .. 
. . ' 
. .. ' 
., ' ... 
• I • - _,. ' ' i_ ,' ' I• ,-
,-.. ·' . ' 
' 
' ' ,, ' I'. 
. ' 
-· . . .,,-
I, . 
' r' ' 
.. ' 
-~ - - -
. -- "' 
., 
. ' ' 
• • ' I 
._-- '. 0 
. ~- . . '.- .... -- ·· .. : . ' '• ·:' . '' 
·subtracting: • l .... 
2 KL { }2 2 KL { . } 2 sin ( 2 ) L.H.S~ Eq.S.23 - cos ( 2 ) L.H.S. Eq. 5.24 · 
L 
' (5. 25) 
This equation can now be·iterated for K. Then a is obtain-
. ' 
able from Eq. (5o23) or Eq. (5.24). The iteration program 
used is listed in Appendix B. 
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CHAPTER 6 
. , . 
EXPERIMENTAL.PROCEDURE, RESULTS AND DISCUSSION 
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6.1 . Procedure •, 
The entire data-taking process was quite tedious~ The 
author estimates that it took approximately one-half hour 
per data point, reduction time~ not included. The averaging 
capability of the computer kept the process of taking data 
simple yet sophisticated. Runs usually took anywhere from 
' three to twe·1 ve hours depending on the number of data 
points taken. 
The frequencies tested ranged from .75 hz. to 200 hz. 
The entire range could not be entirely _swept in one run • 
· The disc, orifice plate, and size of the small volume had 
to be varied to provide adequate signals over the entire 
range. As a result, · it took four different hardware 
arrangements to consistently _provide a good wave form. 
Consequently, a minimum of four different runs were neces-
sary. Nine runs were used for the small amplitude data 
corresponding to Reynolds numbers equal to 104 0 
· ·Each run swept a designated range. of frequencies. 
Transducers were inserted into the pressure taps (either 
left and center.or center and right) and biased with a back 
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pressure of 25 psig. Pressure in the small upstream volume 
was always maintained at a mean pressure of 40 psig. The 
downstream exhaust valve on the pressure tank was adjusted 
so that the rotometer gave a reading corresponding to the 
desired Reynolds number. The temperature of the gas was 
measured using the thermometer in the tank. It never dif-
. -fered· from the ambient temperature by. more than _three 
degrees. These settings were checked frequently during 
the course of a run. 
11 
Before the data taking began, the wave forms over a 
range of frequencies were checked for quality. The gain 
on the analog computer was set so that an .amplitude of 
approximately ±1 volt corresponded to the desired ·incre-
mental pressure being tested for that run. Amplitudes were 
held at the desired value by adjusting either the bypass 
valve, the regulated supply pressure, or the choked orifice 
. 
exhaust valve in the small volume. 
Once all the preliminaries were taken care of, it was 
possible to begin._ the averaging. With the transducers in 
one position, various frequencies were testedo The elec-
tronic counter was -used to record the period of the two 
signals being averagedo After the desired range of fre-
quencies was covered, the transducers were put into the 
', I 
second position and the corresponding frequencies were 
duplicatedo The counter was used again to assure accurate 
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,duplication of frequency. Corresponding periods never 
differed by more than 1%. In both cases, the two signals 
were observed on the scope continually while the averaging 
process was taking place. This assured that a consistent 
signal was being averaged and that the amplitude remained 
under 1 volt. 
The digitizing process usually sampled the signal 
(below 50 hz.) between 100 and 200 times per cycle. How-
ever; as the frequency approached 200 hz., the number of 
samples per cycle decreased to 25. The computer had a 
limited sample rate. Inunediately after averages were. , 
take~, they were output in printed form and on paper tape. 
Since the reduction scheme involved only ratios, cali-
bration was quite simple. A pair of signals was averaged . 
and output with the transducers in one position. Then the 
same conditions were duplicated with the transducers 
reversed. The calibration factor was determined by forcing 
both measured ratios equal. This procedure was done usu-
ally twice every run. The calibration factors never dif-
' fered by more than 1% for a given run. 
Frequency ranges corresponding to different runs were 
purposely made to overlap each other and thus checked the 
data for repeatabilitye Identical signals were fed into 
the analog computer and no phase lag was detected between 
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2 and 200 hz. 
'An overall check of the system was provided by taking 
, ... friction factor data [8]. This was accomplished by con-
necting a slack tube manometer to the first and last pres-
sure transducer taps. The results agreed well with theory 
and are plotted i~ Fig. (6.1). 
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.. ~. 
' ·r ,"' ·, 
" 
... .. 
• . I . 
... 
·", . ' 
r•'. (: 
. ., 
6.2 Results and Discussion 
I 
I { 
To provide the reader with an idea of what prompted 
this experiment, the Margolis data is shown in Figs. 
(6.2,3). Also given in Figs. (6.4,5) is the theory·for 
air, y c = 1, with, heat transfer to an isothermal wall 
accounted for. 
••· '• • " -~- ""u • • ~ - • ,•', • 
·The-original plan to run a wide range of Reynolds 
numbers was cut short when one of the two transducers 
failed. However, enough data were taken beforehand at 
. 4 Re= 10 to determine that the resonance was not present. 
In yiew of this fact, the early termination of the experi-
ment was not so great a loss. 
The outcome of the principal objective did lead one to 
~ 
rationalize the investigation of other Reynolds numbers 
solely for the purpose of corroborating the results with 
theoryo A slight discrepancy did appear between the data 
4 and theory corresponding to Re= 10 o The results and 
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theory can be seen together in Figs. (6.6-9). 
A common sense error analysis was)performed, and no 
unusually large errors were present between 2 and 200 hz. 
However, below 2 hz., the phase between signals becomes 
small and any small error in phase measurement or reduction 
could produce a large percentage error. An indication of 
the error involved with phase measurement is shown in Figs. 
(6.i0,11) for the small amplitude data.· When the trans-
ducers were reversed for calibration, the phase between 
transducers should have stayed the same. The absolute 
error or difference in phase is shown in Fig. (6.10). Fig • 
• 
(6.11) shows the percentage error which drops to reasonable 
magnitude above 2 hz. The error in amplitude ratio meas-
urement appeared satisfactory, since the calibration factor 
.never varied by more than 1% over a run • 
The signal quality also deteriorated (flattopped) 
below 2 hz. However, the.low frequency data was repeatable 
- ·;. - ·.· even with the transducers reversed. For this reason, the 
. :: low frequency data is included in the results with the 
,_ 
' 
stipulation that it is subject to error. 
The corroboration between data and the high frequency 
theory was excellent· for both the large and small ampli-
. tudeso It is understandable that the large amplitude data 
deviated at the transition and low frequencies o Wave 
;~.' 
:,_., '. 
~~·}''. 
·~;- : 
;7','.:-i:· < 
f·- ;.:· ·~' 
'j .:::<-.._ ' 
/ .--~ ... 
', ,.:. 
,· 
.. 
... 
. ' 
· · steepening at larger amplitudes produces a phase shift 
•,: 
-~- ·: ,·". - -- .. -,-- -- ·• 
·which, as mentioned .. before, produces increa~ingly larger 
percentage errors as frequency decreases. Data was also 
taken at frequencies lower than those shown on the large 
amplitude plot. However,·the accompanying nonlinearities 
became overpowering at very· low frequencies, and the data 
was irreducible; Eqs .• (5.20) did not·apply and were insolv-
able. The _large amplitude data is useful in that it rein-
{I. 
forces the nonexistence of the phenomenon. 
While agreeing with the high frequency theory,. th.e 
small amplitude data deviated from the trans·ition· and low 
frequency theory. The attenuation data displayed the same 
overall trend as the theory, but the departure from the 
high frequency behavior occurred at a frequency lower than 
expected. Also, the attenuation remained approximately 25% 
higher than predicted over a wide range of frequencies • 
. Accompanying the deviations in attenuation were more 
noticeable deviations in the phase velocity datao Again, 
th.e general trend displayed was the same as theory, only 
distorted. ' : 
,., ' . ' 
. . 
-- - -- -- -- - ---·- - - -- --~- ---·-·------- ---···---.. ---··· ·-·---- ··----------------------- ·- -- ••.. ·- -..--·--··--··-· ...... _. - ......... -·- ..... _ .•••• -~ ·--~·-·,,-~~ c-.... ,. __ .,,...._"··-·---- .._ ...... _'T\ ..... ~ .... -11._~~ ........... c...-'" .. , ........ ·- • - • 
The explanation of why these discrepancies exist is 
undeterminede It could be that the amplitudes tested were 
not small enough and that wave steepening still took its 
tollo Also heat transfer effects might not have been 
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· properly de"scribed in assuming an isothermal wall and 
Most important, in both the large and small amplitude · 
data, no sign of a resonance appeared. The question 
· remains, why not? _ 
,· 
The phenomenon might be very sensitive to compressi-
bility and heat transfer. If such is the case, it could 
be that the small amplitudes use~ were still too large. In 
any event, the large amplitude nonlinearities hoped to pe · 
. . 
used in practical applications of the phenomenon proved to 
be, for a gas, useless. 
The advisor proposed an evanescent zone neces~ary for 
---· ··----the development of the phenomenon. It could be that the 
length of tube used was insuffici,~tly long to allow proper 
.,.. , .. 
' ·= ~ ' 
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CHAPTER ·7 
RECOMMENDATION$ · 
. , .. 
..--·~--... ---~--~, ·--~- _ .... _ '• ' 
,. 
... 
. ' ' ,, 
It has been stated before -that the project was termi-· 
riated early due to a transducer failure. The author 
. . believes the nex.t best step to take is the procurement of 
two additional transducers. Then, using ~the present appa-
ratus, further data could be taken at amplitudes equal to . 
one-tenth that of the small amplitude used herein. This 
would·require changing the power supply to the amplifier 
· from line voltage to batteri·es. The entire range of 
Reynolds numbers should be investigated to corroborate the 
theory. If a resonance is noticed at these ·lower ampli-. 
tudes it would reinforce the Margolis data. However, pre-
suming no evanescent zone, a~y practical use seems improb-
·able for the gaseous case and a straight tube. 
Should the resonance still be nonexistent at lower 
· ampli t~des, it would be no troub··le replacing the straight 
tube with a much longer coiled tube. This is justifiable 
since if curvature is the necessary ingredient, there still 
remain.many practical applications • 
. ·· Should the· resonance appear in the long coiled tube, 
the tube could be shortened to 54 9 and checked again for a 
resonancea If it appears again in the shorter coiled tube, 
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then the resonance can be attributed ,to ·curvature effects. 
If it disappears in the _shorter coil, ·then ·tpe existence of 
an evanescent zone is established. In ·any case, if the 
coiled tube produces a discrepancy between data and theory, 
,, 
then the Margolis resonance could possibly be attributed to 
curvature. Here it is presupposed that the straight tube 
data corroborates the theory. 
·Regardless_ of the existence of a resonance, the behav-
' 1 
., 
.i..·. 
ior of fluid lines with oscillations superimposed on 
turbulent flow remains an· important unresolved problem. 
The range of testing should be extended. 
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C APPENDIX A. l • •. 
; •. ' . 
. ' . 
J' •. 
. ' '. , FOURIER ANALYSIS PROGRAM.· 
. . 
The-data corresponding to a digitized pair of signals 
~ ·was ,described by the following three parameters: -
1. Sampling Rate (time between samples) .,: - : 
Point Number (time after trigger) 
rate 2. ;..: 
. 3. Average. 
' I 
Alternate crossovers were defined by designat_ing. the 
two consecutive averages enclosing the crossover, the point 
number of the first of: these averages, and the time between 
-·· l 
averages (sampling rate). Four crossovers were defined for 
each pair of signals. ·crossover calculations were the 
I 
first operations performed by the computer. Once the cross-
overs were determined, ··the two corresponding signals could 
be input, point by point, and the two amplitudes and two 
G 
phases computed.. This procedµre was ~epeated for each ··pair 
of signals being reduced. 
The data for a given pair of signals was input on 
cardsG The first three cards contained the sampling rate-
and the crossover information corresponding to the pair of 
signals to follow0 Starting with the fourth cardv the 
first signal was inputo Four consecutive points were 
'63 
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j 
· ~ described on each card. 1, The. last card of a specifi.ed 
.. 
,i •• 
~· ·~ .. -
signal contained the number 2000 in the last field .. · This 
large· number was used to separate. the groups of. data:. A 
list of symbols used in·the program· follows: 
44 
so 
56 
55 
52 
100 
200 
T4 Sampling r.ate (sec) 
Al,A2 ,Tl 
AV1,AV2 ,TV1 
AA,AB ,TT 
ABA, ABB, TTB 
u,v 
no. Averages enclosing a crossover, point 
Averages · enclosing a crossover, point no. 
Averages enclosing a I. crossover, point no. 
Averages enclc;:,sing a crossover, point no. 
Ul,Vl 
T3 
.W 
A,C,E,G 
B,D,F ,H 
co 
s 
AMP 
05 
Crossovers of 1st signal (sec) 
Crossovers of 2nd signal (sec) 
Average period of the two signals 
Average frequency (rad/sec) 
Consecutive point numbers 
I 'T Consecutive averages 
Partial sum of cosine integral 
Partial sum of sine integral 
Amplitude of signal 
Phase of signal ( ± multiple of ,r) , 
{ . 
(rad). 
The program, written in Fortran, is entitled WAVES: 
PROGRAM WAVES.( INPUT, OUTPUT, TAPEl=INPUT, TAPE2=0UTPUT) 
FORMAT(lHl) ··~ 
READ { 1, 56) T4 
FORMAT (F8 o O) 
READ(l,55)Al,A2,Tl,AV1,AV2,TV1 
FORMAT(6(F5e0)) 
IF (Al-8000 o) 52, 52, 1100 
V=Tl*T4+T4*ABS(Al/(Al-A2)) 
U=TV1*T4+T4*ABS(AV1/(AV1-AV2)) ~ 
READ(l,SS)AA,AB,TT,ABA,ABB,TTB 
Vl=TT*T4~T4*ABS(AA/(AA-AB)) 
Ul=TTB*T4+T4*ABS(ABA/(ABA-ABB)) 
T3=(U-V+Ul-Vl)/2o0 
W=2e0*3ol41592/T3 
N=O 
READ(l,200)A,B,C,D,E,F,G,H 
FORMAT(4(F5.0,1X,F5.0)) 
N=N+l 
TS=A 
CO=OoO 
S=O eO 
GO TO 500 
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3·00 
400 
405 
500 
505 
60.0 
605 
700 
705 
401 
501 
601 
701 
800 
810 
900 
d I • ' --
1000 
1010 
1100 
'·JI 
'_: 
... 
READ(l,200)A,B,C,D,E,F,G,H 
· IF (A*T4-TS*T4-T3) 405,401,401 
CO=CO+T4*(X*COS(W*T4*T)+B*COS(W*T4*(A-TS)))/T3 
S=S+T4*(X*SIN(W*T4*T)+B*SIN(W*T4*(A-T5)))/T3 
.' .. -
IF (C*T4-TS*T4-T3) 505,501,501 
CO=CO+T4*{B*C0S(W*T4*(A-T5))+D*COS(W*T4*(C-T5)))/T3 
S=S+T4*(B*SIN(W*T4*(A-T5).)+D*SIN(W*T4*(C-T5)))/T3 
IF (E*T4-T5*T4-T3) 605,601,601 
CO=CO+T4*{D*C0S(W*T4*(C-T5))+F*COS(W*T4*(E-T5)))/T3 
S=S+T4*(D*SIN(W*T4*(C-TS))+F*SIN(W*T4*(E-T5)))/T3 
IF (E*T4-T5*T4~T3) 705,701,701 
CO=CO+T4* (F*COS (W*T4* (E-TS)) +H*COS (W*T4* (G-TS) )·) /'l'_3 
S=S+T4*(F*SIN(W*T4*(E-TS))+H*SIN(W*T4*(G-T5)))/T3 
X=H . 
T=G-TS 
-- GO TO 300 
Y=B 
GO TO 800 
X=B 
Y=D 
T=A-TS 
GO TO 800 
X=D 
Y=F 
T=C~TS 
GO TO 800 
X=F 
Y=H 
T=E-TS 
•· 
.... 
Y=X+(Y-X)*(T3~T*T4)/T4 
CO=CO+(T3-T*T4)*(X*C0S(W*T*T4)+Y*COS(W*T3))/T3 
S=S+{T3-T4*T)*{X*SIN(W*T*T4)+Y*SIN(W*T3))/T3 
IF (H-999 c) 810,900,900 
READ(l,200)A,B,C,D,E,F,G,H 
IF (H-9990) 810,900,9.00 
AMP=SQRT(CO*CO+S*S) 
D=ATAN(CO/S) 
D4=T5*T4*2.0*3.l4l592/T3 
-05=0-04 
WRITE (2, 1000) AMP, 0-, 04, 05 ,W ,T3 
FOR1VIAT(6(2X,Flla5)/)-, 
IF (N-2) 100,1010,100 
GO TO 50 . 
CALL EXIT 
END 
-- --·------.------·--·,..l ...... __ --------
. ' 
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"APPENDIX B 
ITERATION PROGRAM 
;l 1 
' I • 
.\ . 
/·. 
' ' ., 0 
After ex~racting th~. amplitudes: and phase of· signals, 
\ . . . 
· the next step in the data reduction was iterating for Kand 
solving for a. This was accomplished by varying Kin Eq. 
(5.25). Various checks were -incorporated into the program·. 
The following is a list of symbols used in the 
program: ·-.. ,, ... ,. 
.. 
. I 
Pl,P2,P3,P4 
04,05,07,06 
Wl 
W2 
w 
L 
M4,MS 
01 
02 
p 
A9 
T. 
R .. 
V 
V4 
R4 
K 
Kl 
' .. 
f·P,e, I , f Pct I , I Per I ,. I Pr I respectively · -( Eq • ( 5 • 21 ) ) -
Phases (rad) of Pt,Pct,Pcr,Pr respec-
tively (± multiple of n) 
' ~ , . 
Average frequency of Pt and Pct (rad/sec) 
Average frequency of Per and Pr (rad/sec) 
Average of Wl and W2 
Length between Pi and Pr (ft) 
Multiple of n used with relative phases 
<Pt in Eqo (5e2) (rad) 
<f>r in Eqo (5o2) (rad) 
Average absolute pressure in tube (psia) 
Calibration factor 
Temperature ( 0 R) 
Mean volume flow rate in tube (scfm) 
~ean velocity in tube (ft/sec) 
Mean kinematic viscosity x 104 (ft2/sec) 
[9] 
Mean Reynolds number x 10-4 
Wave number (1/ft) · 
'• ·• I A 
·~ -· • .. ·~-·- .,... • ';"' -··· i ' ..... - '.,,. •• ' 
B 
Incremental value used in iteration 
Left-hand side of Eqe (5o23) 
Left-hand side of Eqo (5o24) 
' I# ' 
... . ,. '. 
. . 
' 
·- . 
Z,Y 
Al 
A2 
Zl 
Z2 
Error in Eq. _(5a25) 
a from Eqo· (So.24) 
a from Eqo · (5o23) 
Error in Eqo (5o23) 
Error in Eq Q (5 o 24) 
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. ' ' Rl · Tube ra·aius (ft) · 
'G Dimensionless frequency= n ' -. .. :. .;_ ... :. I. 
H · Dimensionless attenuation factor using Al 
H2 Dimensionless attenu~tion factor using A2 
W/K ·.. . V 
W/ (K*lll7*SQR(~/518. 7)) Vp/Vpo 
·-·----- ..,._ .... _ .. ,,, . 
;, 
The program is written in Basic and is entitled ATTEN: 
. . 
5 INPUT Pl-,P2,P3, P4,04,05,07 ,06,Wl,W2,M4,MS 
8 P=54. 2\A9=1.142 l\T=83+459. 7\R=l. 998 
g· V=T*R*l4.7*32t2*144/(53,0'*3ol41592*25*6_0'*P) __ . 
1~ W= (Wl+W2) /2\L= 36\01=04-05+M4* 3 o 141592\03=06-07-MS* 
3.141592 . 
.... 11 V4=1.564*(T/5l8.7) +2.5*14.7*632.7/(P*(T+ll.4)) 
12 R4=V*5/ (16*12*V4) 
; t· -~ '. ' : 
13 PRINT R4*lft1t4 
14 Cl=., 5*A9*Pl/P2 \C2=. 5*P4/ (A9*P3 )\E=. S*V*L/W 
15 PRINT W/llfJ1 ,LOG (Pl*A9/P2) /18, LOG (P3*A9/P4) /18, V, 01, 03 
16 INPUT K, Kl \GO TO 19 . 
17 K=K-Kl*2\Kl=K1-/2 
19 A=Cl*COS (Ol+E*I<t2) +C2*C0S (-03+E*Kt2) 
29 B=Cl*SIN (Ol+E*I<t2) -:-C2*SIN (-03+E*Kt2) 
21 X=.S*K*L 
22 Y= (COS (X) *SIN ( X)) t 2+ (COS (X) *B) t2- (SIN (X) *A) t2 
24 K=K+Kl 
3~ A=Cl*COS (Ol+E*Rt2) +C2*C0S (-03+E*Kt2) 
32 B=Cl*SIN (Ol+E*I<t2) -C2*SIN (-03+E*Kt2) 
34 X=oS*K*L . 
4~ Z = (COS ( X) *SIN ( X)) t 2+ (COS (X) *B) t2-.(SIN (X) *A) t2 
41 GO TO 44 . . 
44 IF ABS (Y-Z) =ABS (Y+Z) THEN 6f6 
45 IF ABS (Y-Z) >ABS (Y+Z) THEN 57 
46 Y=Z\GO TO 24 
57 IF Kl<=ofA11~1 THEN 6~ 
59 GO TO 17 
6~ M=B/SIN (X)\ M2=A/C0S (X) 
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'61 ·Al=2*LOG (M+SQR (Mt2+1)) /L\A2=2*LOG (ABS (M2+SQR(M2t2-l))) /L 
62 PRINT (M2+SQR(M2t2-1)) 
63 Zl=A- (EXP(Al*L/2)+EXP (-Al*L/2)) *COS (K*L/2) /2 
64 Z2=B-(EXP(Al*L/2)-EXP (-A1*L/2)) *SIN (K*L/2) /2 
69 PRINT 
7~ PRINT 
71 PRINT K,Kl,Z,Z 1,Z2 
72 PRINT 
73 PRINT .Al,A2,SIN(X) ,COS (X) ,M,M2 .. 
74 PRINT 
78 Rl=S/ (32*12) 
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Si G=W*R4*Rl*l~t4/(2*V) 
82 H=G*Al*ll17*SQRT(T/518.7)/W\H2=H*A2/Al 
84 PRINT G,H,H2,W/K,W/(K*lll7*SQR(T/518.7)) 
86 INPUT D6 
87 ~ IF D6=1 THEN 
9$! GO TO 5 
3$1$1 END 
.: 
. ,, 
.• 
, 
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Mr. Brewen was born May 31, 1.949 in Wind Gap, Pennsyl-
vania. He remained in the Slate Belt area until graduating 
f·rom Pen Argyl High· School in June 1967. He began his 
undergraduate study at Lehigh University, September 1967, 
and received his BoSo in Mechanical Engineering in June 
1971. Graduate study in Mechanical Engineering began 
September 1971, also at L·ehigh University. 
As an undergraduate, Mr. Brewen became a member of the 
Sigma Phi Epsilon social fraternity in September .1968. He 
briefly considered artistry as a profession in 1968 and 
received three awards for his art work. However, after 
this year, his interests solidified and graduation was com-
pleted with honors. 
' While attending Graduate School, Mr. Brewen worked 
part time at Del Research Corporation and held a teaching 
assistantship at Lehighe As a teaching assistant his 
duties included instruction in Senior labs and overseeing 
the use of the department's newly acquired mini-computer. 
The academic fields connected with the labs were controls-, . 
dynamics, and solid rnechanicso 
Mr. Brewen will be employed by the Eastman Kodak Com-
pany at the completion of his graduate work. , . 
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